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Incorporating magnetic resonance imaging (MRI) based radiation therapy response prediction into clinical practice for locally advanced cervical cancer patients
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In recent years, magnetic resonance imaging (MRI) has become one of the standard imaging tools to define the macroscopic gross tumor volume in locally advanced cervical cancer patients based on T2-weighted sequence. Recent data suggest that functional MRI could be used to potentially improve the delineation of target volumes based on physiologic features, defining radioresistant subvolumes that may require higher doses to achieve local cure.

Functional imaging can be used to predict tumor biology and outcome, as well as for assessment of tumor response during radiotherapy. The concept of adaptive radiotherapy relies on the possibility of monitoring variations in target volumes structures to guide treatment-plan modification during radiotherapy, taking into account not only internal movements but also tumor response. With integrated MRI in radiotherapy linear accelerators, motion monitoring during treatment delivery has become available. MRI can be also used to accurately evaluate cervical tumor residual volume after chemoradiotherapy, and therefore allowing a personalized treatment planning for brachytherapy boost, based on tumor radiosensitivity. In this review, we discuss how MRI tumor response assessment could be included into clinical practice during radiation therapy in locally advanced cervical cancer patients.

INTRODUCTION

Standard treatment for patients with locally advanced cervical cancer (LACC) relies on external beam radiotherapy and concurrent chemotherapy followed by an image-guided brachytherapy boost to allow dose escalation and local control optimization [START_REF] Mazeron | Impact of treatment time and dose escalation on local control in locally advanced cervical cancer treated by chemoradiation and image-guided pulsed-dose rate adaptive brachytherapy[END_REF][START_REF] Pötter | Clinical impact of MRI assisted dose volume adaptation and dose escalation in brachytherapy of locally advanced cervix cancer[END_REF]. Over the past years there has been an increasing personalization of brachytherapy treatment planning concomitant with the use of image-guided adaptive brachytherapy (IGABT). The development of modern applicators compatible with magnetic resonance imaging (MRI) has also allowed interstitial applications to improve tumor target coverage with acceptable morbidity rates. Dose escalation to the primary tumor has become the standard of care, mainly based on retrospective and non-randomized prospective studies showing that there was a correlation between the total radiation dose delivered to the clinical target volumes and the probability of local control, and that the benefit afforded by dose escalation could yield an increased probability of survival without progression [START_REF] Mazeron | Impact of treatment time and dose escalation on local control in locally advanced cervical cancer treated by chemoradiation and image-guided pulsed-dose rate adaptive brachytherapy[END_REF][START_REF] Chargari | Brachytherapy: An overview for clinicians[END_REF][START_REF] Fields | Image-Guided Gynecologic Brachytherapy for Cervical Cancer[END_REF][START_REF] Pötter | The EMBRACE II study: The outcome and prospect of two decades of evolution within the GEC-ESTRO GYN working group and the EMBRACE studies[END_REF]. Retrospective data have shown that patients with more advanced tumors at diagnosis (> 5 cm or stage ≥ III) or with bulky residual disease at the time of brachytherapy needed higher radiation doses to achieve the same probability of local control as patients with earlier stages, smaller tumors at diagnosis or with better tumor response [START_REF] Ribeiro | Long term experience with 3D image guided brachytherapy and clinical outcome in cervical cancer patients[END_REF]. The ability to escalate the dose safely is however limited by proximity of organs at risk and in some cases it is impossible to achieve dose escalation to >90 Gy without exceeding the statistical threshold of 5% for late morbidity risk. There is therefore a need to refine treatment delivery and the therapeutic index by identifying biomarkers to potentially guide brachytherapy treatment planning objectives. Such tools would be useful to increase the therapeutic index by identifying patients who may get the largest benefit from dose (de)escalation strategies. MRI is the standard for primary tumor staging in LACC, providing excellent soft tissue imaging characterization. It now plays an important role in many aspects of radiotherapeutic management, including tumor staging, treatment planning and delivery, post treatment response assessment and long-term surveillance [START_REF] Hricak | Irradiation of the cervix uteri: value of unenhanced and contrast-enhanced MR imaging[END_REF]. Given its increasing availability, MRI is being integrated into routine therapeutic algorithms for LACC. MRI may also be used as part of a personalized strategy based on pre-treatment findings as well as on approaches taking into account tumor response to guide brachytherapy.

CONVENTIONAL & ADVANCED MRI TECHNIQUES for STAGING & PLANNING

CERVICAL CANCER TREATMENT

Tumor staging

MRI has become a key component of initial staging in women with cervical cancers, for determining the appropriateness of surgery versus primary chemoradiation in order to try to avoid the cumulative morbidities of surgery and radiotherapy [START_REF] Nicolet | MR Imaging of Cervical Carcinoma: A Practical Staging Approach[END_REF]. MRI allows an accurate and reproducible definition of tumor stage, by evaluating tumor size, vaginal and parametrial involvement, as well as regional and pelvic nodal extent of disease. In nearly all clinical situations, MRI provides additional information to standard clinical examination, CT and PET/CT imaging and help stratifying LACC patients according to tumor stage: early stage cancers (treated with upfront surgery in most of the cases) or locally advanced cancers (≥4 cm and/or spread outside the cervix and/or lymph node extension) that should be treated with chemoradiation plus brachytherapy, based on level I evidence [START_REF] Gupta | Neoadjuvant Chemotherapy Followed by Radical Surgery Versus Concomitant Chemotherapy and Radiotherapy in Patients With Stage IB2, IIA, or IIB Squamous Cervical Cancer: A Randomized Controlled Trial[END_REF].

Integration of T2-weighted (T2-w) MRI is useful to more accurately delineate gross tumor volume (GTV) at diagnosis and is an appropriate tool for lymph nodes evaluation [START_REF] Nicolet | MR Imaging of Cervical Carcinoma: A Practical Staging Approach[END_REF].

Compared with Computed Tomodensitometry (CT), T2-w MRI offers significantly improved accuracy in evaluation of tumor size, stromal invasion, and local and regional extent of disease [START_REF] Subak | Cervical carcinoma: Computed tomography and magnetic resonance imaging for preoperative staging[END_REF]. In addition, tumor morphology captured on T2-w MRI has been associated with patients' outcome after treatment combining with chemoradiation plus brachytherapy.

Stratifying tumors according to morphologic subtype (expansive and infiltrative), it was shown that infiltrative tumors were associated with more advanced disease at presentation, and poorer response after chemoradiotherapy when compared to size-equivalent expansive tumors [START_REF] Yoshida | Assessment of Parametrial Response by Growth Pattern in Patients With International Federation of Gynecology and Obstetrics Stage IIB and IIIB Cervical Cancer: Analysis of Patients From a Prospective, Multicenter Trial (EMBRACE)[END_REF].

This classification based on T2-w sequence has however several limitations: (i) first, it is a subjective analysis (ii) second, it is a binary character, without intermediate category, and therefore does not reflect tumor complexity. However, identifying parameters that correlate with disease response may ultimately be useful to identify predictive factors of disease outcome (relapse/no relapse) and guide dose escalation. In addition to tumor shape, tumor size has been established as an important prognostic factor in cervical cancer [START_REF] Piver | Prognostic significance of cervical lesion size and pelvic node metastases in cervical carcinoma[END_REF][START_REF] Wagner | Impact of tumor size on survival in cancer of the cervix and validation of stage IIA1 and IIA2 subdivisions[END_REF]. The use of 3D GTV measurements through quantitative imaging analysis with MRI has improved the accuracy of tumor volume assessment [START_REF] Wang | Sequential magnetic resonance imaging of cervical cancer: The predictive value of absolute tumor volume and regression ratio measured before, during, and after radiation therapy[END_REF][START_REF] Perez | Tumor size, irradiation dose, and long-term outcome of carcinoma of uterine cervix[END_REF]. Pathologic tumor diameter correlates well with the corresponding diameter in T2-weighted MRI, with more accuracy compared with clinical evaluation [START_REF] Narayan | Estimation of Tumor Volume in Cervical Cancer by Magnetic Resonance Imaging[END_REF].

Multiparametric MRI

Functional MRI is commonly used in clinical practice as part of primary staging or in the post-treatment setting. Diffusion-weighted imaging (DWI) is sensitive to the microscopic motion of water molecules and allows for noninvasive characterization of biological tissues based on their water diffusion properties [START_REF] Hamstra | Diffusion magnetic resonance imaging: a biomarker for treatment response in oncology[END_REF]. Solid tumors generally exhibit an increased cell count, restricting the diffusion of water molecules in tumors, as compared to non-tumoral tissues. Apparent diffusion coefficient (ADC) is a quantitative parameter of DWI and may provide information regarding tumour cellularity and proliferation, and therefore on treatment effect [START_REF] Yang | Multi-parametric MRI in cervical cancer: early prediction of response to concurrent chemoradiotherapy in combination with clinical prognostic factors[END_REF]. One major indication for multiparametric imaging in LACC is its integration into post-treatment imaging, to distinguish between post treatment changes and a tumor residuum. This aspect of functional MRI is not addressed here and we focus on the place of multiparametric MRI as a tool for radiotherapeutic optimization [START_REF] Gui | Cervical cancer response to neoadjuvant chemoradiotherapy: MRI assessment compared with surgery[END_REF].

Functional DWI MRI at mid-treatment of cervical cancer has been associated with patients' survival, and may be used to tailor or appropriately individualize treatment strategy according to early functional changes [START_REF] Somoye | Early diffusion weighted magnetic resonance imaging can predict survival in women with locally advanced cancer of the cervix treated with combined chemo-radiation[END_REF][START_REF] Gladwish | Association of Apparent Diffusion Coefficient with Disease Recurrence in Patients with Locally Advanced Cervical Cancer Treated with Radical Chemotherapy and Radiation Therapy[END_REF]. In a series of 20 patients treated for LACC, it was shown that the median mid-treatment ADC was statistically higher in patients alive compared to the non-survivors (p = 0.02), while there was no significant difference between survivors and non-survivors for pretreatment baseline or post-therapy ADC values [START_REF] Gui | Cervical cancer response to neoadjuvant chemoradiotherapy: MRI assessment compared with surgery[END_REF]. However, other authors concluded that ADC from pretreatment DWI was associated with disease recurrence.

On multivariable analysis, absolute and normalized 95 th percentile ADC was associated with disease-free survival probability (hazard ratio, 0.90-0.98; p 0<0.05) [START_REF] Gladwish | Association of Apparent Diffusion Coefficient with Disease Recurrence in Patients with Locally Advanced Cervical Cancer Treated with Radical Chemotherapy and Radiation Therapy[END_REF]. The addition of DWI to T2-weighted sequences also substantially improved the diagnostic ability of MRI to detect cervical cancer recurrence [START_REF] Lucas | Added value of diffusion-weighted MRI in detection of cervical cancer recurrence: comparison with morphologic and dynamic contrast-enhanced MRI sequences[END_REF]. It is still uncertain whether DWI MRI can be used to guide dose intensification, but identification of high-risk patients for local relapse may be an attractive strategy. Dynamic contrast-enhanced (DCE) MRI is a dynamic examination technique that depicts temporal changes in signal intensity of a tissue after injection of a standard paramagnetic contrast agent. From DCE MRI, quantitative measurements can be performed. It is therefore possible to analyze perfusion and permeability parameters, such as the volume transfer constant between plasma and the extracellular extravascular space (Ktrans), which is correlated to vascular permeability [START_REF] Dappa | The value of advanced MRI techniques in the assessment of cervical cancer: a review[END_REF]. The pretreatment prognostic and predictive values of DCE-MRI for radiation therapy outcomes in cervical cancers have been demonstrated [START_REF] Mayr | Method and timing of tumor volume measurement for outcome prediction in cervical cancer using magnetic resonance imaging[END_REF]. MRI enhancement pattern in cervical cancer demonstrated a wide range of dynamic enhancement values within the tumor on enhanced sequences. DCE MRI is therefore a potential tool to assess tumor heterogeneity and guide treatment strategies. Hypoxia contributes to radiation therapy failure by decreasing tumor radiosensitivity [START_REF] Mayr | Pixel analysis of MR perfusion imaging in predicting radiation therapy outcome in cervical cancer[END_REF][START_REF] Dunst | Anemia in cervical cancers: impact on survival, patterns of relapse, and association with hypoxia and angiogenesis[END_REF].

Quantification of the extent of poorly vascularized regions within tumors and identification of anatomical area at highest risk for local relapse is important for the prediction of tumor control and therapeutic decision in terms of dose escalation strategies [START_REF] Mayr | Pixel analysis of MR perfusion imaging in predicting radiation therapy outcome in cervical cancer[END_REF].

External beam radiotherapy planning

For patients undergoing primary chemoradiotherapy, MRI can be used as part of treatment planning (FIGURE 1). In the modern radiotherapy concepts described in the ICRU (International Commission on Radiation Units guidelines 89), tumor targets are defined at various time points: 1/ target volumes at time of EBRT treatment planning, including initial GTV, high-risk CTV (GTV + the whole cervix), and low risk clinical target volumes (CTVLR); 2/ at time of brachytherapy, with definition of high-risk CTV (CTVHR) and intermediate risk CTV (CTVIR) according to the expected tumor cell density. T2-w MRI is a major tool in this concept, combined with gynecological examination (27). MRI provides clear visualization of the cervical tumor in multiple planes allowing for a reliable volumetric definition of the target volumes both for external beam and brachytherapy treatment planning [START_REF] Paulson | Comprehensive MRI simulation methodology using a dedicated MRI scanner in radiation oncology for external beam radiation treatment planning: Comprehensive MRI simulation methodology for external beam RTP[END_REF][START_REF] Dimopoulos | Recommendations from Gynaecological (GYN) GEC-ESTRO Working Group (IV): Basic principles and parameters for MR imaging within the frame of image based adaptive cervix cancer brachytherapy[END_REF]. Early studies with MR imaging assessed tumor coverage with standard pelvic fields have clearly shown that aligning to bony landmarks using 2D planning resulted in tumor miss in up to 50% -66 % patients, highlighting the need for personalized target volumes [START_REF] Weiss | The impact of patient positioning on the adequate coverage of the uterus in the primary irradiation of cervical carcinoma: a prospective analysis using magnetic resonance imaging[END_REF].

In patients with FIGO stage IIB -IIIB disease, with respect to tumor volume, intra-FIGO stage heterogeneity and overlap have been described [START_REF] Jastaniyah | A volumetric analysis of GTVD and CTVHR as defined by the GEC ESTRO recommendations in FIGO stage IIB and IIIB cervical cancer patients treated with IGABT in a prospective multicentric trial (EMBRACE)[END_REF]. Staging systems have evolved over time, including more and more information relevant for prognosis, as shown by the recent FIGO classification that takes into account nodal extent and subclassifies early stages tumors according to the tumor size (< or ≥ 2cm). In the same FIGO-stage tumors, LACC patients with larger lateral parametrial involvement and poorly responsive tumors after chemoradiotherapy were shown to have the worst overall survival [START_REF] Jastaniyah | A volumetric analysis of GTVD and CTVHR as defined by the GEC ESTRO recommendations in FIGO stage IIB and IIIB cervical cancer patients treated with IGABT in a prospective multicentric trial (EMBRACE)[END_REF].

Because MRI shows excellent soft tissue delineation, its integration into both EBRT and brachytherapy treatment planning is more and more frequent [START_REF] Fields | A practical review of magnetic resonance imaging for the evaluation and management of cervical cancer[END_REF]. Having an MRI in treatment planning position may also help assess the uterine mobility range and guide the definition of an ITV (Internal Target Volume), taking into account uncertainties of the target position as a consequence of organs at risk movements. This advanced concept has been well described and is being applied in the Embrace II protocol to generate margins adapted to each specific patient [START_REF] Pötter | The EMBRACE II study: The outcome and prospect of two decades of evolution within the GEC-ESTRO GYN working group and the EMBRACE studies[END_REF].

For EBRT planning, the integration of multiparametric MRI may improve tumor volume delineation, though the clinical consequences are still uncertain [START_REF] Schernberg | Diffusion-weighted MRI in image-guided adaptive brachytherapy: Tumor delineation feasibility study and comparison with GEC-ESTRO guidelines[END_REF]. These sequences can be added to the imaging protocol without significantly increasing overall acquisition time, and no exogenous contrast material is required. The difficulties with the use of DWI imaging for delineation are due to the non-anatomical nature of this functional sequence. Still, its properties make DWI a sequence that is potentially complementary to T2-w-based delineation, providing additive information on tumor heterogeneity at the macroscopic level (33) (FIGURE 2). Significant inverse correlation between ADCmin and standardized uptake value, (SUV)max, in primary cervical tumor suggests that DWI and FDG PET-CT might play a complementary role for the clinical assessment of LACC patients, at diagnosis as well as for assessing response to treatment [START_REF] Ho | Correlation of apparent diffusion coefficients measured by 3T diffusion-weighted MRI and SUV from FDG PET/CT in primary cervical cancer[END_REF][START_REF] Liu | Diffusion-Weighted Magnetic Resonance Imaging of Uterine Cervical Cancer[END_REF]. By testing delineation on ADC functional sequences, combined with T2, DCE, and FDG PET-CT, a decreased interobserver variability in GTV delineation was reported with an improved conformity index for GTV from 0.54 (T2 alone) to 0.65 [START_REF] Han | A prospective study of DWI, DCE-MRI and FDG PET imaging for target delineation in brachytherapy for cervical cancer[END_REF]. The possibility to integrate all these imaging modalities to define a composite GTV is now part of the ICRU guidelines [START_REF]ICRU -Report 93 -6[END_REF]. Still, protocol acquisition is a key issue, as reported in previous analyses displaying significant variations in texture index between different b values used [START_REF] Becker | Diffusion-weighted imaging of the abdomen: Impact of b -values on texture analysis features: Texture features on DWI[END_REF].

MRI-BASED TUMOR RADIOSENSITIVITY ASSESSMENT: IMPLICATION FOR

IGABT

Brachytherapy planning : T2-weighted sequence as the standard for delineation and dose/escalation strategies

The addition of MRI to brachytherapy planning has been shown to improve tumor control rates and patient outcomes while decreasing severe complication probability as compared to 2D brachytherapy [START_REF] Pötter | Clinical outcome of protocol based image (MRI) guided adaptive brachytherapy combined with 3D conformal radiotherapy with or without chemotherapy in patients with locally advanced cervical cancer[END_REF][START_REF] Rijkmans | Improved survival of patients with cervical cancer treated with image-guided brachytherapy compared with conventional brachytherapy[END_REF]. One of the basic requirements of IGABT is to define residual disease at the time of brachytherapy, which is typically done from clinical examination and T2-w sequence. The delineation of CTVHR is based on T2-weighted MRI and clinical examination [START_REF] Haie-Meder | Recommendations from Gynaecological (GYN) GEC-ESTRO Working Group☆ (I): concepts and terms in 3D image based 3D treatment planning in cervix cancer brachytherapy with emphasis on MRI assessment of GTV and CTV[END_REF]. The CTVHR is the macroscopic tumor that remains after chemoradiotherapy, as well as the entire cervix (even if the response after chemoradiotherapy is complete). The CTVIR takes into account the initial extension of the tumor, and in all cases an anatomical margin should be applied around the CTVHR (10 mm laterally at the level of the parameters and the cranio-caudal axis and 5mm antero-posteriorly without encompassing the organs at risk, unless these organs were initially invaded) [START_REF] Haie-Meder | Recommendations from Gynaecological (GYN) GEC-ESTRO Working Group☆ (I): concepts and terms in 3D image based 3D treatment planning in cervix cancer brachytherapy with emphasis on MRI assessment of GTV and CTV[END_REF].

Several single center retrospective studies have shown significant improvements with MRIguided and adapted brachytherapy in terms of local control, overall survival and late toxicities. Potter and colleagues showed that the use of MRI-guided brachytherapy was associated with an increase in the local control rate from 71% to 90% at 3 years for locally advanced cervical tumors >5cm in size at diagnosis and a major decrease in grade 3-4 late digestive and urinary toxicities from 10% to 2% (2). Lindegaard et al. demonstrated that 3D brachytherapy adapted by MRI compared to 2D brachytherapy based on orthogonal images significantly increased patient survival from 63% to 79%, while decreasing late toxicities by more than 50% [START_REF] Lindegaard | MRI-guided adaptive radiotherapy in locally advanced cervical cancer from a Nordic perspective[END_REF].

The possibility to decrease doses to organs at risk (OARs) and to escalate the dose has been clearly shown, with a French multi-center non-randomized prospective study comparing 2D vs 3D dosimetry demonstrating that the integration of 3D imaging into brachytherapy treatment planning improved local control with half the toxicity observed with 2D dosimetry [START_REF] Charra-Brunaud | Impact of 3D image-based PDR brachytherapy on outcome of patients treated for cervix carcinoma in France: Results of the French STIC prospective study[END_REF].

An appropriate definition of target volume is of first importance, as dose/effect relationships for local control have been shown for both CTVHR and CTVIR,. In a retrospective study of 225 patients, it was shown that the thresholds to reach to warrant a probability of 90% of local control were 85Gy to the D90 of the CTVHR and 75Gy to the D90 of the CTVIR (1). In a larger multicenter retrospective study involving 488 LACC patients treated with IGABT, it was shown that a minimal dose delivered to the most irradiated 90% (D90) of the CTVHR ⩾ 85 Gy delivered in 7 weeks provided a 3-year local control rate of > 86-94%, depending on tumor size [START_REF] Tanderup | Effect of tumor dose, volume and overall treatment time on local control after radiochemotherapy including MRI guided brachytherapy of locally advanced cervical cancer[END_REF]. These dose/volume relationships based on T2-w delineation however do not adequately reflect intra-tumor heterogeneity as well as inter-individual variable tumor radiosensitivity.

Multimodal MRI for IGABT planning

Tumor areas associated with hypoxia may be selectively targeted with brachytherapy. DCE-MRI may be used to visualize tumor hypoxia, and was explored in treatment planning of hypoxia-guided brachytherapy [START_REF] Li | Dynamic contrast enhanced magnetic resonance imaging for hypoxia mapping and potential for brachytherapy targeting[END_REF]. It was proposed to generate a biological target volume (BTV) from DCE-MR images taken prior to chemoradiotherapy in patients with LACC. The authors used logistic regression procedures to segment the tumor volume fraction from the ABrix map. Correlation was shown between BTV fraction and a hypoxia gene score calculated from a biopsy-based gene signature. Furthermore, the authors tested a brachytherapy planning based on the ABrix maps and compared two planning approaches: 1/ a conventional uniform plan and 2/ a tailored plan delivering the highest dose possible to BTV. The authors confirmed the possibility to specifically target tumor area associated with hypoxia without exceeding OARs dose constraints in most patients [START_REF] Han | A prospective study of DWI, DCE-MRI and FDG PET imaging for target delineation in brachytherapy for cervical cancer[END_REF].

An apparent diffusion coefficient (ADC) can be calculated during post-processing, with use of at least two different b values. The ADC map refers to the final image that is obtained with different ADC values calculated for each pixel of an image. Assessment of images can be performed qualitatively or quantitatively. For most cancers types, there is an increased cellular density that is depicted as increased signal intensity on DWI or a reduced ADC on quantitative analysis [START_REF] Hamstra | Diffusion magnetic resonance imaging: a biomarker for treatment response in oncology[END_REF][START_REF] Schernberg | Diffusion-weighted MRI in image-guided adaptive brachytherapy: Tumor delineation feasibility study and comparison with GEC-ESTRO guidelines[END_REF]. In several retrospective analyses, ADC values calculated from DWI were described as surrogate biomarkers of patient outcome or treatment response in LACC [START_REF] Harry | Diffusion-weighted magnetic resonance imaging in the early detection of response to chemoradiation in cervical cancer[END_REF]. Pretreatment maximum slope of increase and ADC were shown to be independent prognostic factors for cervical cancer, with a predictive capacity of multiparametric MRI that was superior to individual MRI parameters [START_REF] Yang | Multi-parametric MRI in cervical cancer: early prediction of response to concurrent chemoradiotherapy in combination with clinical prognostic factors[END_REF]. ADC values and ADC values changes after 2 weeks of radiotherapy were also significantly correlated with radiological and clinical responses, in favor of integrating DWI as a surrogate biomarker of treatment response. These data were published more than 10 years ago, and the possibility of using DWI imaging in the dose planning process is still under investigation.

There is evidence that ADC might improve the follow-up and monitoring of patients who were treated with chemoradiation [START_REF] Levy | Interest of diffusion-weighted echo-planar MR imaging and apparent diffusion coefficient mapping in gynecological malignancies: A review[END_REF]. Previous studies have shown significant increases in ADC values after chemoradiation and before IGABT on small cohorts of patients [START_REF] Haack | Diffusion-weighted magnetic resonance imaging during radiotherapy of locally advanced cervical cancer -treatment response assessment using different segmentation methods[END_REF].

Robust changes in ADC were noted early during the course of radiotherapy in cervical cancer indicating its potential as a predictive marker to guide dose escalation in poorly responding tumors and also suggesting an interest to target specific tumor sub-volumes [START_REF] Tsien | Clinical applications for diffusion magnetic resonance imaging in radiotherapy[END_REF].

In a recent retrospective series of 15 patients, the authors examined MRI with both T2 weighted and DWI sequences obtained before the first (BT1) and second (BT2) fraction of IGABT. ADC maps were generated and merged with the target volumes as per GEC-ESTRO guidelines [START_REF] Haack | Apparent diffusion coefficients in GEC ESTRO target volumes for image guided adaptive brachytherapy of locally advanced cervical cancer[END_REF]. The mean ADC was significantly lower in the gross tumor volume (GTV), as compared to ADC values measured within the CTVHR, which also had a lower mean ADC than the CTVIR [START_REF] Haack | Apparent diffusion coefficients in GEC ESTRO target volumes for image guided adaptive brachytherapy of locally advanced cervical cancer[END_REF]. These data support the hypothesis that the target volumes used for dose prescription according to the recommendations of the GEC-ESTRO guidelines contain tissues with different biological characteristics, including different tumor cell density. The ADC value increases significantly during concomitant chemoradiotherapy, and the magnitude of the increase between the pre-treatment and the per-radiotherapy DWI imaging may be correlated with definitive tumor response, after treatment completion [START_REF] Harry | Diffusion-weighted magnetic resonance imaging in the early detection of response to chemoradiation in cervical cancer[END_REF][START_REF] Genovesi | Diffusion-weighted magnetic resonance for prediction of response after neoadjuvant chemoradiation therapy for locally advanced rectal cancer: Preliminary results of a monoinstitutional prospective study[END_REF].

In another study, DCE-MRI was used to characterize the functional risk volume (FRV) representing the total volume of tumor voxels, defined as anatomic area with an extremely low DCE signal intensity. FRV was correlated with local tumor control and disease-specific survival, with even more accuracy than anatomical tumor volume measurements [START_REF] Mayr | Characterizing Tumor Heterogeneity With Functional Imaging and Quantifying High-Risk Tumor Volume for Early Prediction of Treatment Outcome: Cervical Cancer as a Model[END_REF]. DCE-MRI can also be exploited to generate pharmacokinetic maps (ABrix) at the level of cervical tumors. This ABrix parameter correlates well with radioresistant hypoxic tumor areas and may be used to predict tumor regression after concomitant chemoradiotherapy [START_REF] Loncaster | Prediction of radiotherapy outcome using dynamic contrast enhanced MRI of carcinoma of the cervix[END_REF][START_REF] Halle | Hypoxia-Induced Gene Expression in Chemoradioresistant Cervical Cancer Revealed by Dynamic Contrast-Enhanced MRI[END_REF][START_REF] Fjeldbo | Integrative Analysis of DCE-MRI and Gene Expression Profiles in Construction of a Gene Classifier for Assessment of Hypoxia-Related Risk of Chemoradiotherapy Failure in Cervical Cancer[END_REF][START_REF] Andersen | Pharmacokinetic parameters derived from dynamic contrast enhanced MRI of cervical cancers predict chemoradiotherapy outcome[END_REF]. The combination of DCE-MRI and DWI MRI to generate a BTV volume is an appealing strategy to focally escalate the dose delivered by brachytherapy to the most radioresistant tumor subvolumes [START_REF] Li | Dynamic contrast enhanced magnetic resonance imaging for hypoxia mapping and potential for brachytherapy targeting[END_REF]. New dosimetric approaches may be adopted in the future to potentially increase tumor control in hypoxic areas represented by the BTV and FRV.

The usefulness of DWI MRI and DCE-MRI for delineating target volumes in brachytherapy has been prospectively studied in a series of 30 LACC patients, showing the potential to improve compliance indices with the integration of multiparametric imaging [START_REF] Han | A prospective study of DWI, DCE-MRI and FDG PET imaging for target delineation in brachytherapy for cervical cancer[END_REF]. Fusion of DWI raw images, without ADC mapping, to the conventional MR imaging protocol as an anatomical sequence for direct delineation on b1000 sequences retrospectively co-registered in the brachytherapy TPS was poorly reproducible, but led to CTVHR variations. In this series, both observers modified their CTVHR volume after taking into account functional imaging (DWI/DCE, MRI, FDG-PET) as a supplement to T2-weighted MRI [START_REF] Schernberg | Diffusion-weighted MRI in image-guided adaptive brachytherapy: Tumor delineation feasibility study and comparison with GEC-ESTRO guidelines[END_REF]. Thus, DWI and DCE -MRI could play a significant role in the future as a biomarker for early prediction of tumour response and could help, in addition to anatomical MRI sequences, in the customization of brachytherapy treatment planning, including delineation of the target volumes, and choice of the prescription dose.

Integrating tumor response at 45 Gy to guide dose (de)escalation

Sequential tumor volumetric analyses using T2w-MRI appear to be a sensitive approach to measure the responsiveness of cervical cancer to irradiation, with retrospective data suggesting that tumor regression rate after a dose of 40-50Gy is associated with an improved outcome [START_REF] Mayr | Usefulness of tumor volumetry by magnetic resonance imaging in assessing response to radiation therapy in carcinoma of the uterine cervix[END_REF]. In a retrospective series of LACC patients, the actuarial 2-year disease-free survival was 88.4% in patients with tumors regressing to < 20% of the initial volume compared with 45.4% in patients with ≥ 20% residual (p = 0.007). The incidence of local recurrence was 9.5% versus 76.9% in patients with poor tumor response (p < 0.001). In subgroup analysis, these findings were valid in patients with the most advanced tumors, and especially those with initial tumor volumes between 40 and 100 cm 3 [START_REF] Mayr | Usefulness of tumor volumetry by magnetic resonance imaging in assessing response to radiation therapy in carcinoma of the uterine cervix[END_REF]. Although this series was published before the concepts of IGABT and dose escalation, it suggests that radiological assessment at 40-50Gy may guide treatment intensification in patients with poor tumor response (e.g.: adjuvant chemotherapy, dose escalation, completion surgery).

Tumor shrinkage during chemoradiation logically reflects tumor radiosensitivity but it has never been examined prospectively as a potential biomarker to guide dose (de)escalation indications. However, evaluating GTV shrinkage at time of brachytherapy has been shown to predict outcome for overall survival and local control in LACC patients [START_REF] Wang | Sequential magnetic resonance imaging of cervical cancer: The predictive value of absolute tumor volume and regression ratio measured before, during, and after radiation therapy[END_REF][START_REF] Mayr | Method and timing of tumor volume measurement for outcome prediction in cervical cancer using magnetic resonance imaging[END_REF][START_REF] Hatano | Evaluation of the therapeutic effect of radiotherapy on cervical cancer using magnetic resonance imaging[END_REF]. Although tumor measurement can also be seen as a subjective parameter, it is a continuous value, and therefore tumor measurement allows a more complex and thorough analysis of the tumor phenotype to guide treatment and predict outcome (compared to a binary analysis such as "infiltrative" versus "exophytic").

In a large retrospective series, the prognostic value of GTV and its evolution after chemoradiotherapy were both examined first on initial pretreatment MRI and then at time of IGABT. Tumor shrinkage, based on the measurement of three tumor diameters, was independently and strongly associated with poorer outcome in terms of overall survival, distant-metastasis-free survival, and local control in patients with < 90% tumor shrinkage (p <0.001) (FIGURE 3). In this study, no benefit of dose escalation above 80 Gy was reported for patients with a tumor shrinkage > 90% while those with poorer tumor response had a better local control if they received a total dose > 80 Gy [START_REF] Schernberg | Tumor shrinkage during chemoradiation in locally advanced cervical cancer patients: prognostic significance, and impact for image-guided adaptive brachytherapy[END_REF].

Biological factors may also be used in combination with MRI data to refine patient prognosis.

Neutrophilia and anemia are factors associated with poorer patients outcome and are associated with less tumor shrinkage after chemoradiotherapy, suggesting that tumor harboring inflammatory components are more radioresistant [START_REF] Schernberg | Tumor shrinkage during chemoradiation in locally advanced cervical cancer patients: prognostic significance, and impact for image-guided adaptive brachytherapy[END_REF][START_REF] Escande | Neutrophilia in locally advanced cervical cancer: A novel biomarker for image-guided adaptive brachytherapy?[END_REF]. These findings may provide biological insights into the poorer prognosis of patients with altered blood cell counts at diagnosis and may help to personalize treatments by selecting patients who require treatment intensification, such as interstitial brachytherapy to increase the dose or the addition of molecular targeted therapies to avoid distant metastatic events. Conversely, patients with an almost complete tumor shrinkage may require less than 90Gy to be cured, and therefore in this situation it may be seen as an attractive strategy to de-escalate the dose, though this approach has not been validated.

FUTURE DIRECTIONS

The main disadvantage of MRI is the geometrical distortions induced by non-linearities in the field gradients and the inhomogeneity of the B0 main magnetic field. The distortion phenomena tend to increase with the distance from the isocenter of the magnet [START_REF] Fransson | Aspects of MR Image Distortions in Radiotherapy Treatment Planning[END_REF]. As far as brachytherapy is concerned, the area of clinical and dosimetric interest in LACC is at the level of centro-pelvis and the external contours of the body are of less importance. The effect of this geometric distortion on image analysis is therefore minimized. In addition, several correction algorithms exist to reduce this effect. Wills et al. have assessed the distortion of the images produced by a 0.35 T open MRI scanner with a geometrical phantom in the context of applicators definition. They showed that the distortion induced by MRI was of the order of 2 mm in the volume of interest for pelvic brachytherapy if correction algorithms were used, and inter-observer errors were comparable on MRI and CT scans [START_REF] Wills | Applicator reconstruction for HDR cervix treatment planning using images from 0.35T open MR scanner[END_REF].

Magnetic resonance-guided radiotherapy (MRgRT) enables direct visualization of the tumor. Surrounding OARs may be also seen with high accuracy. Through real-time imaging, MRgRT may be used to characterize and eventually monitor tumor shrinkage and track anatomical motion during external irradiation [START_REF] Corradini | MR-guidance in clinical reality: current treatment challenges and future perspectives[END_REF]. MGgRT therefore opens new perspectives towards individualized treatment planning, especially thanks to the possible use of daily online adaptation strategies based on a high soft tissue contrast [START_REF] Corradini | MR-guidance in clinical reality: current treatment challenges and future perspectives[END_REF]. Indeed, MRgRT allows for a precise and immediate detection of potential inter-fractional OAR motion as well as tumor shrinkage in response to therapy. As recently extensively reviewed [START_REF] Fjeldbo | Integrative Analysis of DCE-MRI and Gene Expression Profiles in Construction of a Gene Classifier for Assessment of Hypoxia-Related Risk of Chemoradiotherapy Failure in Cervical Cancer[END_REF], this also opens the possibility to decrease treatment planning margins and thus minimizing normal tissue irradiation, with reduced toxicity and the potential for EBRT dose escalation to hypoxic or high-density parts of the tumor, as defined by functional imaging [START_REF] Corradini | MR-guidance in clinical reality: current treatment challenges and future perspectives[END_REF][START_REF] Cree | The Potential Value of MRI in External-Beam Radiotherapy for Cervical Cancer[END_REF][START_REF] Hunt | Adaptive Radiotherapy Enabled by MRI Guidance[END_REF].

Finally, tumor and OARs delineation is a challenging and time-consuming part of radiotherapy/brachytherapy planning, associated with intra-observer variability. Automatic tumor segmentation methods based on MRI need to be validated but may be a significant improvement in treatment quality through standardization and higher compliance to guideline [START_REF] Torheim | Autodelineation of cervical cancers using multiparametric magnetic resonance imaging and machine learning[END_REF]. Various automatic or semi-automatic methods exist for tumor segmentation, including machine learning techniques as well as specific methods for medical image segmentation [START_REF] Torheim | Autodelineation of cervical cancers using multiparametric magnetic resonance imaging and machine learning[END_REF]. Still, no robust or validated automatic segmentation methods for cervical cancers have been published to date and those are still under investigation.

CONCLUSION

IGABT has benefited from many technological advances in recent decades. Following the GEC-ESTRO recommendations for target volumes delineation, implementation of IGABT has allowed for major clinical advances with increased local control while limiting the risk of severe late urinary, digestive and gynecological toxicities. Dose-response relationships for local control and OARs complication probability have been validated in locally advanced cervical cancer patients [START_REF] Torheim | Autodelineation of cervical cancers using multiparametric magnetic resonance imaging and machine learning[END_REF][START_REF] Mazeron | Tumor dose-volume response in image-guided adaptive brachytherapy for cervical cancer: A meta-regression analysis[END_REF][START_REF] Manea | Risk of Late Urinary Complications Following Image Guided Adaptive Brachytherapy for Locally Advanced Cervical Cancer: Refining Bladder Dose-Volume Parameters[END_REF][START_REF] Castelnau-Marchand | Clinical outcomes of definitive chemoradiation followed by intracavitary pulsed-dose rate image-guided adaptive brachytherapy in locally advanced cervical cancer[END_REF]. Evaluation of multimodal imaging and metabolic imaging may allow better selection of patients who will benefit most from dose escalation. The place of these new imaging modalities (perfusion MRI, diffusion MRI) remains to be defined in the context of prospective evaluations with independent cohort validations, including not only dosimetric parameters but also clinically relevant outcome endpoints (local control, morbidity, survival data) [START_REF] Kumar | Curiethérapie guidée par imagerie multimodale : l'exemple du cancer du col utérin[END_REF]. Prospective dose de-escalation studies may also be designed, to potentially decrease acute and late toxicities in good responder patients without compromising local control. Conversely, the benefit of dose escalation for poor responding patients was reinforced by recent large retrospective data [START_REF] Schernberg | Tumor shrinkage during chemoradiation in locally advanced cervical cancer patients: prognostic significance, and impact for image-guided adaptive brachytherapy[END_REF]. Here again, perfusion MRI and diffusion MRI, in addition to standard MRI sequences, are promising tools to better monitor tumor response, but remain to be validated before being integrated into the treatment planning process. 
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 1 FIGURE 1. Algorithm for research purpose based on magnetic resonance imaging
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 23 FIGURE 2. Example of tumor volumes visualization, before and after chemoradiotherapy, using T2-weighted, T1-gadolinium and Diffusion Weighted Imaging.